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The modern semilocal exchange potential is an accurate and efficient approximation to the exact exchange po-
tential of density functional theory. We tried to combine it with the dynamical mean-field theory to derive a new
first-principles many-body approach for studying correlated electronic materials. As a paradigm, this approach
was employed to investigate the electronic structures and optical properties of strongly correlated ionic insulator
YbS. Compared to the standard density functional theory plus dynamical mean-field theory which surprisingly
failed to give an insulating solution, the new approach correctly captured all of the important characteristics of
YbS. Not only an energy gap between a fully occupied Yb-4 f state and an unoccupied conduction band, but
also an absence of Drude peak in the optical conductivity σ(ω) were successfully reproduced.
Introduction. The strongly correlated systems, which ex-
hibit many fascinating properties and unusual phenomena,
have attracted numerous experimental and theoretical interests
in last decades [1, 2]. There exists strong Coulomb interaction
of d, f electrons with each other and with itinerant electronic
states of the materials. Classical band theory, such as the den-
sity functional theory which based on a single-particle or in-
dependent electron picture [3, 4], works quite well for simple
metals and semiconductors where the electron-electron inter-
action is weak. But it fails to give a correct description for the
strongly correlated materials. To the best of our knowledge,
so far the combination of density functional theory and single-
site dynamical mean-field theory (DFT + DMFT) is probably
the most powerful established method to study the electronic
structures of strongly correlated materials [5, 6]. In the frame-
work of the DFT + DMFT method, the DFT part is responsi-
ble for providing a first-principles treatment for itinerant elec-
trons, while the local interaction effects in localized electrons
are tackled by the DMFT method in a non-perturbative many-
body manner. Nowadays the DFT + DMFT method has been
extensively employed to explore or explain the exotic physics
in many strongly correlated materials, such as the (orbital-
selective) Mott metal-insulator transitions and high-spin to
low-spin transitions in transition metal oxides [7–9], charge
dynamics and spin dynamics in iron-based unconventional su-
perconductors [10–12], 4 f localized-itinerant crossovers in
rare-earth heavy-fermion compounds [13–15], and valence
state fluctuations in actinides [16–18].
Many efforts have been devoted to improve and enhance the
DFT + DMFT method in recent years. These improvements
and enhancements can be roughly classified into two differ-
ent aspects. One way is to adopt the cluster versions [19]
or diagrammatic extensions [20–22] of DMFT to substitute
for the single-site DMFT. For example, the cluster dynam-
ical mean-field theory (CDMFT), the dynamical cluster ap-
proximation (DCA), and the dynamical vertex approximation
(DΓA) have been merged with the DFT to incorporate the
non-local interaction effects and introduce momentum depen-
dence to the electronic self-energy function [23–25]. Another
means is to choose more powerful and accurate first-principles
methods to provide a better starting point for the successive
DMFT calculations. There are a few useful attempts in this re-
spect, including the hybrid functional method (HYF) [26], the
quasi-particle approximation (GWA) [27], and the screened
exchange potential (SEx) [28].
In this paper we would like to propose a new first-principles
many-body approach, namely, a combination of the state-of-
the-art semilocal exchange potential (SEP) and the single-site
DMFT. In the DFT, the electronic structures of materials are
governed by the exchange-correlation potential vxc, especially
its exchange part vx. The calculation of exact exchange poten-
tial (EXX) is highly nontrivial, and only possible by solving
the optimized effective potential (OEP) equation [31]. How-
ever, the SEP which depends on charge density (ρ), derivates
of charge density (∇ρ and ∇2ρ), and kinetic energy density
τs, is rather simple and much faster than the EXX-OEP ap-
proach. So it has much broader applications in first-principles
studies. In the standard DFT or DFT + DMFT calculations,
the used SEPs usually base on local density approximation
(LDA) [3] or generalized gradient approximation (GGA) [32].
They barely resemble the EXX-OEP, so they generally tend
to underestimate band gaps for semiconductors and make a
coarse estimation for the impurity levels of strongly correlated
materials. Recently, a new family of SEPs, i.e., the modified
Becke-Johnson (mBJ) exchange potential and its variations
were proposed by Tran et al. [33, 34], which mimic very well
the behaviors of EXX-OEP [35]. Extensive tests on wide band
gap insulators, sp semiconductors, and strongly correlated 3d
transition metal oxides etc., have verified their accuracy and
usefulness. Motivated by these great achievements, here we
try to combine the mBJ with the DMFT (mBJ + DMFT), and
then apply it to explore the electronic structures of strongly
correlated materials. The mBJ + DMFT scheme inherits the
full merits of the mBJ exchange potential and can treat the en-
ergy levels of correlated and conducting bands correctly. Thus
it is very suitable for studying correlated insulators. Further-
more, the mBJ + DMFT calculations are rarely more expen-
sive than the standard DFT + DMFT calculations.
It is straightforward to perform the mBJ + DMFT calcu-
lations with the DFT + DMFT software package. The only
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2FIG. 1. (Color online). Electronic band structures of YbS under ambient pressure. (a) and (b) Fat bands obtained by the DFT + SOC and mBJ
+ SOC methods, respectively. The color bars denote the proportion of Yb-4 f character. (c) and (d) Momentum-resolved spectral functions
A(k, ω) obtained by the DFT + DMFT and mBJ + DMFT methods, respectively. The color bars denote the spectral intensity.
modification is to active the mBJ exchange potential in the
DFT part. Here we intend to use YbS as an example to demon-
strate the accuracy of the mBJ + DMFT scheme. Under ambi-
ent pressure YbS crystallizes in a rock salt structure, and is a
strongly correlated ionic insulator. Its band gap, which is con-
sisted of fully occupied Yb-4 f state and an unoccupied con-
duction band, is about 1.30 eV [29, 36]. We carried out the
DFT, mBJ, DFT + DMFT, and mBJ + DMFT calculations,
respectively, to uncover the electronic structures of YbS [37].
The detailed results are presented and analyzed as follows.
Momentum-resolved spectral functions. The band struc-
tures nk and momentum-resolved spectral functions A(k, ω)
of YbS are shown in Fig. 1. Obviously, the band structures
by the DFT and mBJ methods are metallic because there are
a few bands crossing the Fermi level, which are in contrast to
the experiments. Besides, there exists strong c − f hybridiza-
tion, especially near the X point in the Brillouin zone. Note
that with the mBJ exchange potential, the Yb-4 f bands are
shifted toward the Fermi level slightly, while the other bands
are pushed away. In the A(k, ω) obtained by the DFT + DMFT
method, since the electronic correlation is already included,
the Yb-4 f bands are shifted to high energy regime, and sepa-
rated from the conduction bands completely. However, there
are still bands in the Fermi level. In other words, the DFT
+ DMFT method fails to obtain an insulating state for YbS.
Let us turn to the spectrum obtained by the mBJ + DMFT
method. There is an indirect gap (∼ 1.3 eV) between the Γ and
X points, which is in good agreement with the corresponding
experiments [29, 36]. Compared to the DFT + DMFT results,
the Yb-4 f bands are shifted upward for ∼ 0.2 eV.
Electronic density of states. Now let us focus on the total
and partial density of states (DOS) of YbS (see Fig. 2). Both
the DFT and mBJ DOS show finite weights at the Fermi level,
and a considerable hybridization develops between the Yb-
4 f and Yb-5d bands. The two sharp and intensive peaks near
the Fermi level belong to the Yb 4 f5/2 and 4 f7/2 states, respec-
tively, which are attributed to the splitting induced by the spin-
orbital coupling (SOC) effect. The DOS by the DFT + DMFT
method also shows small weights at the Fermi level which
definitely indicates a metallic state. In addition, the peak po-
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FIG. 2. (Color online). Total and partial density of states of YbS under ambient pressure. (a) and (b) Results obtained by the DFT + SOC and
mBJ + SOC methods, respectively. (c) Results obtained by the DFT + DMFT and mBJ + DMFT methods. The experimental data (red filled
circles) are extracted from Ref. [29]. (d) and (e) The Yb-4 f partial density of states by the mBJ + DMFT method. In (e) panel, the Yb 4 f5/2
and 4 f7/2 components are represented as solid and dashed lines, respectively.
sitions for the Yb 4 f5/2 and 4 f7/2 states deviate from the ex-
perimental results significantly [29]. The DOS by the mBJ +
DMFT method is consistent with the experimental data. Not
only the band gap, but also the peaks for Yb-4 f and S-3p
bands are well reproduced. All this facts suggest that only the
mBJ + DMFT method is capable of giving a correct picture of
the electronic structures of YbS.
Valence state fluctuations. Valence instability is a key in-
gredient of the unusual properties of Yb-based materials [38].
YbS is a typical mixed-valence compound [39]. The nominal
valence for Yb cation is +2, the corresponding Yb-4 f elec-
tronic configuration is 4 f 14. However, according to the ex-
perimental data by using the high-resolution X-ray absorption
spectroscopy, the actual valence for Yb cation under ambient
pressure is +2.08, i.e., the 4 f occupancy is about 13.92 [40].
Here, we used the DFT + DMFT and mBJ + DMFT meth-
ods to study the valence state fluctuations of YbS. The calcu-
lated results are presented in Fig. 3. We find that no matter
what method is used, the |N = 14.0, J = 0.0〉 atomic eigen-
state (4 f 14) is overwhelmingly dominant, which accounts for
at least > 87.0%. The N = 13 atomic eigenstates (4 f 13) is less
important, which account for about 10%. The probabilities for
the N = 12 atomic eigenstates are trivial (about 0.2%∼0.3%)
and can be ignored. Note that if the mBJ + DMFT method
is used, the |N = 14, J = 0.0〉 atomic eigenstate has a higher
probability, which implies the valence state fluctuation is less
stronger than using the DFT + DMFT method. Besides, the
mBJ + DMFT method predicts that n4 f = 13.90 and the va-
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FIG. 3. (Color online). Valence state histograms of YbS under ambient pressure. The results are obtained by (a) the DFT + DMFT and (b) the
mBJ + DMFT methods, respectively. The contributions from the N = 12 atomic eigenstates are too trivial to be seen in this figure.
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FIG. 4. (Color online). Real part of the optical conductivity<σ(ω).
The experimental data (red filled circles) are taken from Ref. [30].
lence is +2.10, which is somewhat closer to the experimen-
tal values [40] than the ones obtained by the DFT + DMFT
method (n4 f = 13.85, and the valence is +2.15).
Optical properties. The optical spectroscopy is a powerful
tool to probe the electronic states of strongly correlated mate-
rials. We used the DFT + DMFT and mBJ + DMFT methods
to calculate the optical conductivity σ(ω) of YbS, and then
compared the calculated results with the available experimen-
tal data [30]. The comparison is shown in Fig. 4. The exper-
imental σ(ω) of YbS exhibits prominent insulating character-
istics. It is almost featureless when ω < 1.0, but shows a “dip”
near 1.0 eV and a large peak around 1.5 eV [30]. The optical
conductivity obtained by the DFT + DMFT method manifests
typical metallic-like feature, namely, a strong Drude peak at
ω = 0, which is mainly contributed from the Yb-5d conduc-
tion band according to Fig. 1(c). On the other hand, except for
the magnitude of σ(ω), the calculated spectrum by the mBJ +
DMFT method agrees quite well with the measured one. We
believe that neglecting Hubbard interactions among the spd
conduction electrons in the mBJ + DMFT calculations might
be responsible for this discrepancy [41].
Discussions. In order to capture the insulating nature of
YbS, the strong electronic correlations and SOC effects in
Yb-4 f bands, and the energy levels for conduction bands
(mainly Yb-5d bands) have to be taken into accounts on the
same footing. Apparently, the DFT method is given out at
first. The mBJ method ignores the electronic correlation com-
pletely. The DFT + DMFT method considers the electronic
correlation explicitly, but skips the effect of conduction bands
and uses imprecise 4 f impurity levels to carry out calcula-
tions. So the two methods fail as well. In the mBJ + DMFT
method, all these issues are treated carefully, so it wins. In
that sense, the mBJ + DMFT method is better than the DFT
+ DMFT method. On the other hand, compared to the very
time-consuming GWA + DMFT and HYF + DMFT methods,
the mBJ + DMFT method has competitive accuracy, but its
efficiency is as good as the standard DFT + DMFT method.
Therefore it is also superior to the GWA + DMFT [27] and
HYF + DMFT [26] methods.
There are still many open and interesting questions to be
answered. For example, under moderate pressure a transition
from ionic insulator to heavy electron metal would occur in
YbS [30]. The valence state of Yb will be changed at the same
time. Apparently, the DFT + DMFT method could not give a
reasonable explanation for the transition. So a theoretical de-
scription for this transition is still lacking. It is highly promis-
ing to use the newly developed mBJ + DMFT method to solve
5this problem. On the other hand, the mBJ exchange potential
has some adjustable parameters [34] and variations [42]. Be-
sides the mBJ exchange potential, there are also some other
SEPs, such as the AK13 [43], EV93 [44] and LB94 [45]. It
should be very constructive if a comparable study for these
SEPs is conducted.
Conclusion. In summary, we developed the mBJ + DMFT
method by combining the mBJ exchange potential with the
DMFT method. We then used it to study the electronic struc-
tures and optical properties of strongly correlated ionic insu-
lator YbS. The calculated momentum-resolved spectral func-
tions, density of states, atomic eigenstate probability, and op-
tical conductivity are well consistent with the available ex-
perimental results. The insulating nature of YbS is properly
reproduced. The DFT + DMFT method fails to get an insulat-
ing solution because of the inaccurate 4 f impurity levels and
the improper treatment of conduction bands.
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